Abstract. We report the reduction in residual stress of AlN thin films and also the crystal structure, surface morphology and nanomechanical properties of magnetron sputtered as a function of substrate temperature (T s , 35 -600
Introduction
Aluminum nitride (AlN) is a versatile material with great technological advantages for semiconductor industry due to its wide band gap (∼ 6.2 eV), high thermal conductivity (up to 320 W/mK) and small thermal-expansion coefficient [1, 2] . It has been viewed as a highly promising material system for high-temperature (melting temperature ∼ 3000
• C) optoelectronic and short wavelength light source/detector applications [3] . It is used as optical films due to its high refractive index (∼ 2.0 at a wavelength of 520 nm) as well as good dielectric constant (∼ 7 at a frequency of 300 kHz) [4] . Due to the similarity in crystal structure and lattice constant between AlN and GaN, the AlN film is also used as beneficial buffer layer for the growth of GaN films for optoelectronic devices [5] . Highly efficient deep-ultraviolet light-emitting diode (UV-LED) is an expected future application where AlN thin films find an important role with emission wavelength of 210 nm (shortest wavelength ever observed from any semiconductor) using a p-i-n homojunction of a-plane oriented AlN. It is expected to get higher emission intensity from a-axis AlN than c-axis AlN due to its an-isotropic emission pattern and its lower c/a ratio [6] . Inappropriately, the lattice mismatch between AlN thin film with the substrate induce threading dislocations due to stress, which are of the order of 10 9 to 10 11 cm −2 in the epilayer [7] . Due to the existence of threading dislocations, its external quantum efficiency (EQE) is very low and have influence on device performance not only in LED but also in high-power, high-frequency electronic devices and bulk acoustic wave resonator applications [8] .
In the past decades, an extensive research work has been carried out on optimization of deposition by various coating techniques with deposition parameters in order to obtain the required reproducible quality thin films. Epitaxial growth of AlN has already been demonstrated on various monocrystalline substrates such as growth by chemical vapor deposition on (0001) oriented AlN substrate, sandwich sublimation configuration to grow AlN epitaxy, molecular beam epitaxy on GaN templates and Si (111) and deposition by pulsed laser deposition on molybdenum [9, 10, 11, 12] . In most techniques, the deposition temperatures are quite high, so a smooth surface morphology could not be obtained due to the degradation of substrate and thermal damage of AlN thin films during deposition [13] . For SAW device applications, a highly oriented film and homogeneous composition with low surface roughness is expected, since large surface roughness may lead to increase in propagation loss especially when high frequency is reached [14] . Reactive sputtering technique is promising under such circumstances when, low substrate temperature deposition (wide variety of substrate materials, compatible with current semiconductor device processes) and good surface finish as well as adhesion, are required [15] . It is reported in the literature that AlN films deposited at low target to substrate distance (TSD) and low sputtering pressure exhibited (002) preferred orientation whereas those synthesized at high TSD and high pressure exhibited (100) orientation [16, 17] . However, for applications, the fabrication of AlN thin film devices need a better understanding of the mechanical properties in addition to its electrical and optical performances, since the contact loading during processing or packaging can significantly degrade the performance of these devices. So a precise measurement of nano-mechanical characteristics of AlN films is required, where nanoindentation has been widely used to study the hardness, modulus and the deformation mechanisms [18, 19] .
So, in this work, we have primarily concerned with the residual stress in AlN films by varying substrate temperature and have reported the evolution of orientation, surface roughness and mechanical properties.
Experimental
AlN thin films were deposited on silicon (100) substrates by DC reactive magnetron sputtering technique, using MECA 2000 (France) from pure aluminum target (4N) of 50 mm diameter in a high purity argon (4N) and nitrogen (4N) gas mixture. P-type Si (100) substrates were cleaned by a standard two-step RCA process, boiled in a solution of H 2 O : NH 4 OH : H 2 O 2 (5:1:1). Then, they were etched in 2% HF-H 2 O solution for 2 min to remove the native oxide layers on the surfaces. Before deposition, the sputtering chamber was evacuated to 1 × 10 −6 mbar. First, in Ar atmosphere a mono layer of Al was deposited on the substrate for few seconds to improve the adhesion between the substrate and deposited AlN thin film. These films were grown at different substrate temperatures and along with constant ratio of sputtering (Ar) to reactive gas (N 2 ), target to substrate distance (TSD) and deposition pressure. The deposition parameters in this study are listed in Table 1 . A surface profilometer (M/s. Dektak 6M, Veeco, USA) was used to measure the thickness of films, was around 1 µm. Identification of crystalline phases was carried out by Bragg-Brantano geometry and Grazing Incidence X-ray Diffraction (GIXRD) technique (M/s. Bruker D8, Germany) at a grazing angle of 0.5
Sputtering parameters Values
• C. Bragg -Brentano (Cu -K α ) geometry was used to measure the residual stress of these films. The residual stress measurements of these films were carried out using sin 2 ψ technique with angle inclination (ψ) varied from 0 • to ± 90 • with step size of 4
• . Cross section samples for transmission electron microscopy have been prepared using a focused ion beam apparatus (JIB-4500, JEOL, Japan). Cross sectional microstructural studies were performed using a transmission electron microscopy (M/s JEM-2100F, JEOL, Japan ) operating at 200 kV. The surface morphology of these films was characterized by an atomic force microscope (NTEGRA Prima, M/s. NT-MDT, Russia) with a contact cantilever single-crystal silicon tip of size 10 nm. A TriboIndenter (TI 950, M/s. HYSITRON, USA) equipped with a three sided pyramidal diamond berkovich tip was used to study the nanomechanical properties of these films with the peak load of 4000 µN, with a loading/unloading time of 5 sec and 2 sec holding time. The hardness (H) and modulus (E) values of these films were calculated using Oliver and Pharr model [17] .
Results and Discussion

XRD
The GIXRD profiles of AlN thin films sputtered on Si (100) with different substrate temperatures varying from 35 to 600
• C by DC magnetron sputtering are shown in Fig.1 . The GIXRD patterns of these films show poly-crystalline hexagonal wurtzite structure and agree with the JCPDS data 25-1133. At 35
• C, a poly-crystalline nature was observed, however with the increase in temperature from 100 to 500
• C, the crystallinity has increased along with a preferential orientation towards either (100) or (101). At 100 and 400
• C, the films exhibited a texture towards a-axis (100), whereas 200 and 500
• C films exhibited (101). Among all, at 400
• C substrate temperature exhibited a clear preferential orientation towards (100). A symmetrical diffraction study (B-B geometry)has been carried out to verify the growth direction, shown in Fig.2 , also exhibited a preferential orientation at (100). The inset of Fig.2 , a rocking curve of (100) exhibited a FWHM of 0.01413±0.00052 at the angle 33.2. However this is larger than the one reported earlier when the target to distance was increased [17] . This signifies the 100 planes are parallel to the substrate. When a film is irradiated in asymmetrical diffraction configuration (GIXRD), such that the angle between certain planes of the oriented crystals and X-ray beam is equal to Bragg angle of that family of planes, a high intensity peak should be observed and it is called texture. On the other hand, if there is no high intensity measured in symmetrical diffraction (B-B geometry) for such orientation, still there is chance to conclude that there is a preferential orientation in the film provided other orientations are absent. Such crystals have non-random orientations but not parallel to the surface of the substrate to be observed as epitaxy. However, epitaxial growth is crystals grown with similar orientation in the three directions of space. In general, texture growth is nothing but the crystals inside a polycrystalline film grown in non-random crystallographic directions.
To understand the growth of AlN thin films with temperature, it is important to know the bonding nature and strength with its orientation. Wurtzite structure AlN is shown in Fig.3 , each Al atom is linked by four N atoms forming a distorted tetrahedron with three Al-N (i) (i = 1, 2, 3) bonds, namely B 1 , the bond length is 0.1885 nm and one Al -N 0 bond in the c -axis direction, namely B 2 , the bond length is 0.1917 nm. The bond B 2 is more ionic character due to the coupling of Al empty orbit and the N full orbit, whereas B 1 is more covalent in nature due to sp 3 -hybridization between semi -full orbits of Al and N atoms [16, 21] . The (100) plane is composed of the bonds B 1 which is more stronger as compared to B 2 bonds. So at such a low pressure and increasing temperature, B 2 bond can be easily dissociated which led the increasing rate of vertical growth of the (100) planes. At 400
• C substrate temperature, the film is highly oriented along a-axis due to the (100) crystallites overgrowth the all other crystallites. But above 400
• C, different orientations are present, since higher temperature is more favorable for the dissociation and regrowth of both the bonds. Therefore, it can be understood that the optimum substrate temperature for depositing highly a-axis oriented AlN films Crystallite size has been calculated from GIXRD profiles using Williamson-Hall method, plotted against substrate temperature is shown in Fig.4 . This increases with the increase of substrate temperature upto 400
• C after which it started to decrease. This is due to the enhanced atom mobility at high temperatures, that this increases the ad-atoms surface diffusion length leading to a higher probability of ad-atoms migrate from the landing site to proper site. So that a better crystallinity and higher degree of orientation is seen up to 400
• C. However, further increase in the substrate temperature the crystallite size decreased drastically. At higher temperatures over 400 • C, excessive surface mobility of ad-atoms make thin film texture difficult due to stronger re-evaporation effect which results in reducing the crystallite size and intensity of the peaks [20] . 
Cross sectional TEM
Figs.5(a) and (b) show bright-field TEM cross sectional micrographs of AlN film grown at 100 and 400
• C substrate temperatures, respectively. The structure comprises of parallelly spaced columnar structure with an angle tilted by a few degrees to the substrate normal. In our sputtering system there are three guns placed focussing towards the substrate at an angle. So the sputtered atom flux is arriving obliquely at an angle α and causes the inclination of the columns by β where α and β are related by the empirical tangent-rule : tan β = 1/2 tanα [22] . The interface between the coating and the Si substrate is very sharp in both these films. A thin layer of Al deposited to improve the bonding between AlN and Si substrate is visible at the bottom of the columnar AlN films. A complete list of TEM micro-graphs and its respective SAED images are attached in the supplementary data (A). Figs.5(c) and (d) show the corresponding SAED patterns of those films discussed above deposited at 100 and 400
• C substrate temperatures, respectively. The diffraction rings are indexed using the space group P6 3 mc, lattice constants a=0.311 nm and c=0.497 nm (JCPDS file 25-1133). The one deposited at 100
• C exhibited a polycrystalline micro-structure with mixed planes of (100), (101), (102), (110), (103) and (112). However, the one deposited at 400
• C exhibited a preferential orientation along (100). This orientation has exhibited a pattern, since a polycrystalline random orientated planes exhibit a perfect circular ring. This pattern exhibited a well crystallized with a preferential orientation towards a-axis than 100
• C grown film. Also, SAED patterns of 100 and 400
• C substrate temperature films are analogous to the GIXRD profiles shown in Fig.1. 
Morphology and surface roughness by AFM
Due to its excellent piezoelectric response, AlN thin films are highly sought after for in SAW devices. Surface acoustic waves cannot pass through the surface of a material if the surface roughness is greater than the wavelength [14] . So its micro-structure and surface roughness have a crucial role on the performance of the devices. Fig.6 consists of AFM images taken over 1.5 ×1.5 µm 2 surface area showing the morphology of the AlN films deposited on Si at various substrate temperatures. In Fig.6 (a and b) , AlN films deposited at 35 and 100
• C exhibit irregular grains with less surface density. However, the increase in substrate temperature from 200
• C to 600
• C resulted a similar morphology with a pebble-like grain structure and dense surface. , displays the root mean square (RMS) roughness and the mean diameter of grains against the substrate temperature. RMS roughness and average grain size are significantly affected by the increase in substrate temperature. Since the thermal energy is delivered to the surface, the energy and mobility of surface ad-atoms are enhanced and the atomic diffusion. This resulted in the formation of fewer large grains by agglomeration of adjoining atoms or crystals and make surface coarser with the substrate temperature. This can be seen in the cross-sectional TEM image (Fig.5) , the waviness is pronounced more in 400
• C. But, beyond 500
• C roughness decreases due to the decrease in grain size and crystallite size whichis similar to Fig.4 . Generally, the surface roughness of the films is expected to be less than 30 nm for surface acoustic wave devices. From this point of view, these film's surface roughness is adequate for the SAW and bulk acoustic wave (BAW) devices.
Residual stress analysis of AlN films
Residual stress plays an important role on thin films since it alters the physical properties like energy-band structure, external quantum efficiency of LED, piezoelectric constant and mechanical properties. This may cause micro-cracks or peeling from the substrate as well as the poor performance and altered lifetime of the coated component. Therefore, it is important to control the residual stress by controlling the deposition parameters to synthesize a mechanically stable films.
Measurement of residual stress (in-plane stress) has been carried out by a welldocumented sin 2 ψ technique where crystallographic planes tilted at multiple angles (ψ), from the surface normal [23] . The lattice spacing depends on the strain in a elastically strained crystalline material. There is a correlation exists between the stress components in the film and variation in d-spacing with tilt angle (ψ). The slope of the linear relationship between d-spacing and sin 2 ψ is directly proportional to the stress component operative in the plane of the specimen along the direction of the diffraction vector according to the equation shown below
where E -Young's modulus, ν -Poisson's ratio,
are X-ray elastic constants and σ 1 , σ 2 are principal stresses. The above equation (1) can be reduced to:
The observed residual stress of all these films are plotted as a function of substrate temperature shown in Fig.8 . A tendency from tensile to compression is observed with the increase in substrate temperature. The mean value of the residual stress has decreased from 0.42 GPa to 0.27 GPa, when the substrate temperature increased from 35
• C to 300
• C. However, above this temperature a transition has occurred in the internal stress, tensile to compressive mode. At 600
• C, the residual stress has increased in the compression mode up to 0.15 GPa.
To understand the nature of residual stress with the deposition parameters, the literature results are summarized in Table 2 and Table 3 for substrate temperature and power/pressure, respectively. Especially, only the transition from tensile to compressive stress regions and vice versa are picked up for the discussion. Among all, only Wang et al. reported a similar transition (the bias voltage was kept at -40 V), whereas in our case the bias voltage was 0 V [24] . It is clearly evident that increase in bias voltage will increase the rate of deposition till it reaches a critical value and after it decreases. Also, the internal stress is relatively independent of film thickness.
RT to high temperature residual stress variation
Range of shift (T s )
Deposition technique Ref.
Tensile to compressive 150 to 300
• C DC reactive sputtering [24] Compressive to tensile RT to 400
• C RF reactive sputtering [21] Tensile to compressive 300 to 400
• C DC reactive sputtering this work At low T s /T m (T s = substrate temperature and T m = melting temperature of coating material), the intrinsic stress dominate over the thermal stress. It is important to know whether the thermal stress also plays a role in the residual stress of the system.
In general, the origin of residual stress can be attributed to the epitaxial stress (lattice mismatch between substrate and the film), thermal stress (difference in thermal co-efficient of expansion between substrate and the film), microstructure and the mode of growth (intrinsic stress). The thermal expansion coefficient of AlN film is larger than that of the Si substrate that developed a compressive stress as the sample is cooled down to room temperature from a high temperature since the film thickness is very negligible as compared to the substrate thickness. This thermal stress can be calculated using the relation [28] 
where σ T is thermal stress,α s and α f are thermal coefficient of expansion of substrate (Si, 3.6× 10 −6 • C −1 ) and the AlN film (5.3, 4.2 × 10 −6 • C −1 along a-axis and c-axis, respectively) T r and T s are room and substrate temperature, E f and ν f are Young's modulus (AlN, 350 GPa) and the Poisson's ratio of AlN film (0.21) [29] . The calculated thermal stress is shown in Table 4 . Table 4 . Thermal stress of a-axis and c-axis AlN films at different substrate temperatures.
Intrinsic or growth stress is a structure and micro-structure sensitive property which is observed in films during deposition and growth under non-equilibrium conditions. In the early stages of film growth, the film consists of smaller crystallites/grains, separated by an atomic-scale distance. When these crystallites/grains coalesce, a tensile stress is generated at the point where neighboring islands impinge on each other [30] . As well as, the parameter T s /T m is very important in stress-related behavior for different materials. For higher melting point materials, the parameter T s /T m is typically low during deposition. So, under these conditions intrinsic stress can dominate over thermal stress [31, 32] . Because, when these AlN films deposited at room temperature, there is a little surface diffusion and one would expect the Al or N vacancy concentration to be much larger than at equilibrium. When these excess vacancies are subsequently annihilated at vertical boundary, the associated volume change results in an in-plane change of film dimensions [33] . So at lower growth temperatures, stress relaxation by diffusion does not occur where intrinsic stress dominates over the thermal stress and a tensile stress develops.
Also, according to atomic peening model, at high deposition pressure and high TSD (14 cm), the mean free path of the sputtered particle reduces, and there is a particle energy loss due to increase in collision probability between plasma particles which increases the oblique angle particle bombardment. So films contain a tensile stress, due to an atomic self-shadowing effect [31, 32] . But with the increase in substrate temperature, the diffusion of defects and vacancies in AlN lattice microstructure causes the decrease in residual stress due to film densification by decreasing the void regions through enhanced atomic rearrangement. Above 400
• C, the thermal stress is dominating. So the residual stress changes from tensile to compressive stress [34] . It can be reasoned in Fig.8 that substrate temperature plays a major role on residual stress of sputtered AlN films. Compressive stress at higher temperatures indicates the atomic peening mechanism [32] . Such compressive residual stress in coatings usually is expected to improve the quality of the cutting tools and engine cylinder coatings.
Nanomechanical properties
Nanomechanical characterization is essential to understand and solve the problem of controlling residual stress and defect density in the film for design of devices. Nanoindentation studies were performed to estimate the mechanical properties of these films at the peak load of 4000 µN. The absence of creep and thermal drift was verified by holding the indenter at maximum load for 2 sec (no change in penetration depth). Initially, the hardness (H) increased steadily with substrate temperature until it reached 200
• C, where a maximum H of 19 GPa was observed (Fig.9) . Then, further increase in substrate temperature led only to a constant drop in hardness, down to 12.8 GPa for a substrate temperature 600
• C. In general, orientation of the film, crystallite size and residual stress collectively contributes to the improvement of mechanical properties of the films. Recalling the evolution of the growth structure (TEM (Fig.5) and AFM ( Fig.6)) ; the stress relaxation occurred in larger crystallites (at higher substrate temperatures) can be seen from crystallite size, average grain size and residual stress of these films in Fig.4, 7 and 8, respectively. Generally, the transition from Hall-Petch to inverse Hall-Petch occurs when crystallite size is around 30 nm (supplementary data) [35] . On the other hand, nanoindentation modulus (E) of these AlN films is also varied from 191.5 to 237.6 GPa with different substrate temperature. Generally, modulus depends on the nature of inter-atomic bonds in the crystal. At 400
• C substrate temperature, AlN film is highly a-axis oriented which contains B 1 type of bonds (covalent). So this film has exhibited high elastic nature with higher modulus of 237.6 GPa.
However, it is possible to produce films with the same H and different values of E i.e. films with the same hardness can exhibit different resistance to plastic deformation. For a protective film such as AlN, it is important to understand whether hardness value is giving true resistance to plastic deformation during contact event. For that the ratio of H 3 /E 2 has been widely applied to evaluate the resistance to plastic deformation from the value of H and E [36] . Fig.10 shows the value of H 3 /E 2 of AlN films as a function of substrate temperature. The resistance to plastic deformation has increased from 0.04 to 0.12 GPa. So the parameter H 3 /E 2 is also following same profile as the hardness with the substrate temperature. It is also evident from the inset of Fig.10 that there is a linear relationship between H 3 /E 2 with hardness which agrees with Mayrhofer et al.
Conclusion
DC reactive magnetron sputtering has been used to synthesize AlN thin films on Si (100) substrate at different substrate temperatures varying from 35 to 600 • C. All these films crystallized with wurtzite structure and the substrate temperature influenced the orientation of these films. The crystallinity increased with temperature and preferred orientation (a-axis) was observed at 400
• C. The cross section and SAED pattern of AlN films showed a high degree of alignment (columnar structure) as well as the orientation. The surface morphology, RMS roughness and average grain size are also strongly influenced by the substrate temperature. However the residual stress measurement by sin 2 ψ technique showed tensile stress up to 300
• C and then changed to compressive from 400
• C. Nano-indentation hardness studies on these films revealed that the indentation hardness (H) varied between 12.8 to 19 GPa, where as at 400
• C substrate temperature AlN film exhibits a relatively high elastic nature (E = 237.6 GPa).
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